When a thin semiconductor film with lattice constant a is grown coherently on a substrate with different lattice constant a,, the layer experiences a tetragonal distortion. For an isotropic cubic layer grown on an (001) substxate, macroscopic-elastic theory1 relates the layer's strain parallel E// = (a// -a)/a and perpendicular EL = (a1 -a)/a to the interface through the elastic constants ell and clp by Due to the technological importance of heterojunction devices it is not surprising that EXAFS has been used to study the local structure of these layers in detail; however, it is surprising that --despite the consensus that bond lengths have a strong tendency to remain close to their natural values --numerous conflicting reports on the microscopic strain state have been put forward. In some cases the strain has been found to have remarkable effects on bond lengths,2,3 while others have found little or no effect.4-8 Others yet have reported the counterintuitive result that bonds actually elongate in layers under compression.9
In this work we apply two independent atomic-scale probes: XSW, which accurately measures the perpendicular distance of foreign atoms relative to the diffracting planes of a host crystal, and EXAFS, which precisely measures their near-neighbor bond lengths, to obtain the microscopic structure of the buried 1 monolayer (ML) InAs/GaAs(001) interface. This interface is ideal for addressing the issue of bond-length strain because it is one of the most highly strained semiconductor combinations available; it possesses a strain equal to 7 %, which corresponds to a critical thiclmess of only -1.5 ML. 10 Not only does it challenge macroscopic theory itself, but it should also make the microscopic consequences of strain large enough to be measured.
To begin, let us consider the tetrahedron of figure 1, which is under compressive strain in the xy plane. We may estimate the effect of this strain on the bond lengths and angles of the tetrahedron as follows. The lattice parameters parallel and perpendicular to the ny plane are given in terms of the fust-neighbor distance r and the bond angle 8 by a 1 = 4r cos(812) and a// = 242r sin(e12) .
(2) Differentiating and retaining terms to fust order yields EL = A a~l a = (Arlr) -42/2(~8) and E// = Aa///a = (Arlr) + dU4(~8) .
(3)
This equation relates the macroscopic strains to the microscopic distortions Ar, the bond stretch, and A8, the bond bend. Rewriting equations 3 we arrive at where a = (Ar/r)/(A8) is defined as the ratio of the bond stretch to bond bend. Solving equations 1 and 4 enables us to write a solely in terms of the macroscopic elastic constants ell and cl2:
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Theory or experiment
In-As planar distance (A) Photon Energy (eV) The elastic constants tabulated by Homstra and Bartelsl render a = 0.16 for InAs, confirming the rigid-bond model.
Note that equation 4 reproduces the conservation of volume e l = -2 E// when a + 0.
Because the strained layer is pseudomorphic with the GaAs substrate, Aall is known, and the distortions can be calculated. The compression in the fist-neighbor bond length is Ar = -0.053 A, and the bond angles are shifted anisotropically with respect to the interface: A9 = -7.5" and A8' = + 3.8O.11 These distortions translate to an increase in perpendicular lattice constant Aal = 0.44 A, which is identical to the prediction of equation 1.
To experimentally determine these distortions, we turn to our XSW and EXAFS data. Figure 2 shows the GaAs (004) reflectivity along with the best fit to the data points using the dynamical theory of x-ray diffraction.12 Also shown is the In-XSW pattern compared to its best fit by the function
The pertinent fitting parameters here are D, the interlayer-substrate distance in units of the reflecting-plane spacing (~G~A~(~) = 1.4133 A), and F, the coherent fraction of In atoms at D. These values are determined to be 0.16 f 0.02 and 0.72 + 0.1, respectively, which locate the In atoms 1.64 5 0.03 A above the last As plane of the GaAs(OO1) substrate.13 Table 1 compares our XSW measurement with D as calculated from macroscopic-elastic theory (equation 1) and from equation 3 for bond-length (Ar = 0) and bond-angle (A9 = 0) conserving distortions. Also shown is the position of the layer had it not been strained, i.e., D = aInAs/4. Because the experiment so closely coincides with the macroscopic prediction, the microscopic distortions must comply with the above formulae as well.
To test this hypothesis, figure 3 shows our In-L3 EXAFS from the InAs monolayer and from bulk InAs. Both are plotted with their Fourier-filtered fist-shell contributions, which correspond to the In-As bond length. The raw EXAFS data clearly show that the fist-neighbor bond in the strained-InAs layer is compressed relative to that in bulk InAs because the nodes of the spectrum are shifted towards higher-k values.
To obtain quantitative information, fist-shell phase, m), and amplitude, If(k)l, functions were extracted firom the bulk InAs standard. The lower portion of the figure compares the Fourier-filtered fist-shell EXAFS data from the InAs monolayer to its best fit by the function k2~(k), where using the phase and amplitude functions derived from the InAs standard. In the fit, the linear parameter N (the In-As coordination number) was calculated as the nonlinear parameter r (the In-As bond length) was varied. The best fit was obtained with N = 4.1 and r = 2.57 + 0.02 A.13 Because the buk In-As bond length is 2.62 A, we find that the bond length in the strained layer is compressed 0.05 f 0.02 A, in complete agreement with the theory developed above.
We should mention that the Ge&.$Si (OOl) work4 found no significant bond-length deviation from bulk alloys even though x-ray diffraction measured a significant perpendicular lattice strain. Howevy, in this case the strain was only 1 %, which, by the same model, gives an estimated bond-length compression of 0.01 A. This small distortion is below the typical EXAFS detectability limit of 0.02 A. The observable bond length compression here, 0.05 A, is due to the much larger 7 % strain inherent in the InAsIGaAs system.
In conclusion, we have determined the effect of strain on the bond lengths and lattice constants within an InAs monolayer grown epitaxially on GaAs(001). We feel our results are of general consequence to all strained-layer semiconductor systems.
